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ABSTRACT GRAPHICAL ABSTRACT

Rearrangement hot spot (Rhs) proteins are members
of the broad family of polymorphic toxins. Polymor-
phic toxins are modular proteins composed of an N-

Salmonella Tre™ toxin

neutralization

terminal region that specifies their mode of secre- D —

tion into the medium or into the target cell, a central

delivery module, and a C-terminal domain that has ADP-
ribosylation

toxic activity. Here, we structurally and functionally
characterize the C-terminal toxic domain of the an-
tibacterial Rhs™@" protein, Tre™, which is delivered
by the type VI secretion system of Salmonella enter-
ica Typhimurium. We show that this domain adopts
an ADP-ribosyltransferase fold and inhibits protein
synthesis by transferring an ADP-ribose group from
NAD* to the elongation factor Tu (EF-Tu). This mod-
ification is specifically placed on the side chain of
the conserved D21 residue located on the P-loop of GTP-bound EF-Tu
the EF-Tu G-domain. Finally, we demonstrate that the

Tri™ immunity protein neutralizes Tre™ activity by INTRODUCTION
acting like a lid that closes the catalytic site and traps
the NAD*.

|

translation
inhibition

Bacteria produce and secrete toxins to subvert host cells or
to destroy microbial rivals (1,2). These toxins are usually se-
creted through dedicated machineries named secretion sys-
tems (3-6). A large family of toxins, collectively known as
polymorphic toxins, are modularly organized proteins (7-
9): they comprise a highly variable C-terminal domain cor-
responding to the toxic module fused to an N-terminal re-
gion that confers the specificity toward the secretion sys-
tem (7-9). A broad repertoire of toxin modules has been
reported, including toxins with nuclease, protease or ADP-
ribosyltransferase (ART) activities (7,9). Interestingly the
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modular architecture of these polymorphic toxins suggests
that new toxin modules can be grafted on the N-terminal
secretion domain via chromosomal recombination or rear-
rangements (9). Indeed, Koskiniemi ez al. have shown that
repeated passages of Salmonella enterica Typhimurium pro-
duce evolved lineages that outcompete the parental strain
through the rearrangement and fusion of an untranscribed
chromosomal fragment, encoding a toxin domain, to a
polymorphic gene (10). This polymorphic toxin, Rhs™*",
belongs to the family of rearrangement hot spot (Rhs) pro-
teins, which can be associated with various secretion sys-
tems. Rhs™" is delivered by the type VI secretion system
(T6SS) (10), a multiprotein apparatus that uses a contrac-
tile mechanism to propel an effector-loaded needle into tar-
get cells (11-14). T6SS-associated Rhs proteins have been
shown to associate with the T6SS needle tip for transport
(15-23).

Rhs proteins form a B-barrel cage-like structure that en-
capsulates the C-terminal toxin domain (15,17-19). The N-
terminal region of these Rhs proteins usually folds as a dis-
tinct domain that docks on to the T6SS needle and may in-
clude hydrophobic helices likely required for insertion into
the membrane of the target cell and hypothetically proposed
to support toxin domain translocation into the target cell
cytosol (15,17-19). The central cage-like domain of Rhs
proteins is delimitated from the N- and C-terminal domains
by conserved regions that possess aspartyl protease activity
and cleave specific motifs to release the C-terminal toxin do-
main upon delivery into the target (19,24). While the mod-
ular architecture, the structure of Rhs, the mode of delivery
and the processing reaction are now well established, only a
few toxin domains have been characterized (16,20,25).

In this work, we sought to provide information on
the S. enterica Typhimurium Rhs™" toxin encoded by
the STM0291 gene (GI: 1251810). We show that the C-
terminally encoded toxic domain of Rhs™*" is an antibac-
terial cytoplasmic-active toxin. The crystal structure of this
toxin revealed a typical ART fold with an unusual ac-
tive site composition. We further show that the toxin in-
hibits protein synthesis through ADP-ribosylation of the
translation elongation factor Tu (EF-Tu), and was there-
fore named Tre™ (type VI ribosyltransferase effector tar-
geting EF-Tu). The modification is specifically placed on
the conserved D21 residue located in the phosphate bind-
ing loop (P-loop) of EF-Tu. Tre™ activity is neutralized by
a specific immunity protein, Tri™, that is encoded down-
stream rhs”“" through complex formation. We then report
the crystal structure of the Tre™/Tri™ complex, demon-
strating that the immunity protein encloses the NAD* and
blocks the access to the catalytic pocket.

MATERIALS AND METHODS
Bacterial strains, growth conditions, media and chemicals

Bacterial strains and plasmids used in this study are listed in
Supplementary Table S2. Oligonucleotides used for cloning
were obtained from Sigma or IDT and are listed in Sup-
plementary Table S3. The purified S.enterica Typhimurium
LT2 genomic DNA was used as DNA source for poly-
merase chain reaction (PCR) amplification of the tre” and
tri™ genes. Escherichia coli DH5« was used for cloning,
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and BL21(DE3) was used for protein production and pu-
rification. Bacteria were grown in lysogeny broth (LB),
with agitation at 37°C. When required, media were sup-
plemented with chloramphenicol (15 pg ml~') or ampi-
cillin (100 wg ml~"). Gene expression from pBAD33 and
pKK vector derivatives was induced by the addition of
0.2% of L-arabinose and 0.5 mM of isopropyl B-D-1-
thiogalactopyranoside (IPTG), respectively. Gene expres-
sion from pET vector derivatives was induced by the ad-
dition of 0.5 mM of IPTG.

Plasmid construction

Genes of interest were amplified by PCR using the Q5
DNA polymerase (NEB) with specific oligonucleotides.
PCR products were purified on NucleoSpin Gel and PCR
Cleanup columns (Macherey-Nagel), digested with restric-
tion enzymes as recommended by the manufacturer (NEB)
and purified before ligation with T4 DNA ligase (NEB).
Ligation mixes were transformed into DH5«a chemically
competent cells, and clones were selected on LB agar
plates supplement with the required antibiotics and 1% glu-
cose. Clones were verified by PCR and extracted plasmids
(Promega) were verified by sequencing (Eurofins). The ¢ri’*
gene was cloned into the EcoRI and HindIII restriction sites
of the pKK223-3 vector. A synthetic RBS was introduced
into the pBAD33 vector and the resulting pBAD33-rbs vec-
tor was used to clone fre”™ through the Sall and HindIII re-
striction sites. The tre™ gene sequence was cloned into the
shuttle yeast expression vector pRS416_Gall through Xbal
and HindlIII restriction sites and clones were first selected
in E. coli DH5a. Tre™ and EF-Tu amino acid substitution
mutants were engineered by site-directed mutagenesis us-
ing complementary oligonucleotides (Supplementary Table
S3) bearing the desired mutations. The pET-hisTEV-zre -
tri™ plasmid, encoding 6x His-TEV-tagged Tre™ and tag-
less Tri™, was obtained by amplifying the pETduet vector
with oligonucleotides adding a Tobacco etch virus (TEV)
site and restriction enzyme sites. The plasmid fragment and
the tre-tri™ fragment were digested and ligated into the
BmtI and HindIII sites.

Toxicity assays

For toxicity and rescue assays, E. coli DH5«a cells were
co-transformed with pBAD33-rbs and pKK223-3 vectors
or their derivatives encoding tre™ and tri’™ genes, respec-
tively. Transformants were selected on LB agar plates sup-
plemented with 1% glucose, chloramphenicol (15 pg-ml~')
and ampicillin (100 wg-ml~!). For mutant toxicity assays,
E. coli DH5«a cells were transformed with pBAD33-tre’
or its mutant derivatives and transformants were selected
on LB agar plates supplemented with glucose and chloram-
phenicol. Overnight cultures of transformants were grown
in the presence of antibiotics and glucose, serially diluted,
and 10 wl drops were spotted on LB agar supplemented with
antibiotics and 1% glucose (repression conditions) or 0.2%
arabinose (toxin induction conditions) and 0.5 mM IPTG
(immunity protein induction conditions). Plates were incu-
bated at 37°C for 16 h.

For toxicity assay in yeasts, the Saccharomyces cere-
visiae BY4741 yeast strain was transformed with ura3-based
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pRS416_Gall vector and its derivative encoding tre™ gene.
Transformants were selected on synthetic dextrose minimal
medium (SD) lacking uracil. Overnight cultures of trans-
formants grown in SD media were serially diluted and 10
wl drops were spotted on SD agar and synthetic galactose
minimal medium SG for induction. Plates were incubated
at 30°C for 3 days.

Protein and complex purification, denaturation and refolding

For Tre™-Tri™ complex purification, the pET-hisTEV-
tre™-tri™ plasmid was transformed into E. coli BL21(DE3)
cells and selected on LB agar with ampicillin (100 wg-ml™!).
Starting from a single colony, the overnight culture was
diluted 100-fold into 4 L of LB and grown at 37°C with
constant shaking until 4¢y reached 0.8 and then induced
with 0.5 mM IPTG. Induction was pursued overnight at
16°C. Cells were then harvested by centrifugation and re-
suspended in 100 ml of buffer A (50 mM Tris-HCI pH
8.5, 250 mM NaCl, 1 mM Tris-(2-carboxyethyl)phosphine
(TCEP)) supplemented with cOmplete” EDTA-free pro-
tease inhibitor mix (Roche). Cells were lysed with a cell dis-
ruptor at 4°C, and the total extract was cleared by centrifu-
gation at 49 000 x g for 45 min and filtering through a 0.45
pm membrane (Millipore). The protein extract was then
loaded on to a 1 ml TALON resin (Takara), and the resin
was extensively washed with buffer A. Tagged proteins and
complexes were eluted with buffer B (50 mM Tris-HCI pH
8.5,250 mM NaCl, 1 mM TCEP, 200 mM imidazole). The
6 x His-TEV tag was cleaved with home-purified TEV pro-
tease overnight at 4°C. Fractions were pooled, concentrated
on to an Amicon spin concentrator (Millipore) and puri-
fied by size-exclusion gel filtration chromatography on Su-
perdex 75 10/30 increase column (Cytiva) preequilibrated
with gel filtration buffer (50 mM Tris pH 8.5; 250 mM NaCl,
1 mM TCEP). For protein denaturation and refolding, the
cells extract containing the 6 x His-TEV-Tre™-Tri™ com-
plex was loaded on to the TALON resin and washed as
previously described. After the washing step, the resin was
flushed three times with 1-column volume of 8 M urea to
unfold the proteins. The flow through, containing the Tri™
protein, was collected, and the 6 x His-TEV-Tre™ protein
was then eluted with 200 mM imidazole in 7.2 M urea. De-
natured proteins were quickly diluted 10-fold with renat-
uration buffer (50 mM Tris-HCI pH 8.5, 125 mM NacCl,
5% glycerol) and dialyzed two times for 12 h at 4°C in gel
filtration buffer. The refolded 6 x His-TEV-Tre™ protein
was cleaved with TEV protease during the dialysis. Proteins
were then concentrated and purified by size-exclusion chro-
matography as described above.

The 6 x His-EF-Tu and its variants were purified from
0.5 L of culture of BL21(DE3) cells freshly transformed
with the pET-his-EF-Tu plasmid (26). EF-Tu was purified
using the same protocol as the Tre™-Tri™ complex, except
from buffer compositions (buffer A: 50 mM HEPES pH
7.5, 40 mM NH4Cl, 25 mM NaCl, I mM TCEP; buffer B:
50 mM HEPES pH 7.5, 40 mM NH4Cl, 25 mM NaCl, 1
mM TCEP, 200 mM imidazole). Size-exclusion gel filtration
chromatography was performed on Superdex 200 increase
10/30 column (Cytiva) in buffer A. For nucleotide removal,
the EF-Tu containing fraction was subjected to two rounds

of dialysis for 12 h at 4°C in modified buffer A supplemented
with 50 mM EDTA. After dialysis, proteins were re-purified
in buffer A supplemented with 2 mM MgCl,, and | mM of
the different nucleotides were added to purified EF-Tu frac-
tions.

Tre™ and Tre™-Tri™ crystallization, data collection and
processing

After purification, tag removal and gel filtration, the Tre™
domain and the Tre™-Tri™ complex were concentrated to
15-20 mg-ml~! and subjected to sitting-drop vapor dif-
fusion crystallization trials at 20°C. Crystallization drops
were set-up in Swissci 96-well 2-drop MRC crystallization
plates (Molecular Dimensions) by mixing 0.5 pl of pro-
tein with 0.5 wl of precipitant solutions and were equili-
brated against 70 pl crystallization screens: Crystal Screen
I and II (Hampton Research), LMB, Pact Premier, JCSG
plus, MembFac (Molecular Dimensions). For the Tre™
toxin, the diffraction quality crystals were obtained in
0.2 M Zn(CH;COO),, 0.1 M Na-cacodylate pH 6.5, 18%
w/v PEG8000. The Tre™-Tri™ complex crystallized in 1
mM ZnSO4, 50 mM HEPES 7.8, 28% PEG600. Crys-
tals were cryo-cooled in a flow of liquid nitrogen. Be-
fore cryo-cooling, the Tre™ crystals were cryo-protected by
quickly immersing the crystals into a well solution supple-
mented with 20% glycerol. Datasets were collected at the
PROXIMA-2A (PX2A) beamline (SOLEIL Synchrotron,
Gif-sur-Yvette, Paris, France). A high redundancy Tre™
dataset was collected at the absorption K-edge of Zn (wave-
length: 1.27819 A). The Tre™ crystals belong to space group
P 21 21 21 with unit cell parameters: a = 51.55 A, b=166.37
A, ¢ = 67.70 A with two molecules per asymmetric unit
and diffracted to a resolution of 2.2 A. The Tre™ struc-
ture was solved by SAD phasing with Autosolve (27), us-
ing the anomalous signal of 6 Zn atoms. Tre™-Tri™ crys-
tals diffracted to a resolution of 2.7 A and belonged to
space group P 1 21 1 with unit cell parameters: a = 58.65
A, b=9404 A, ¢ =61.30 A; o = 90°, B = 110.07°, y =
90°, with four molecules per asymmetric unit. The structure
of TreT“-TriT“ was solved by molecular replacement using
Tre™ crystal structure as a search model with Phaser (28).
The Tre™ and the Tre™-Tri™ structures were built using
Autobuild (29) and manual building in Coot (30), refined
using Phenix and validated with Molprobity (31). The final
Tre™ model was refined to Rwork/Rfree of 0.19/0.22. The
model of the Tre™-Tri™ structure was refined with PDB-
REDO (32) to Ryork/ Riree 0 0.22/0.25. Data collection and
refinement statistics are described in Supplementary Table
S1. The atomic coordinates and structure factors of Tre™
and Tre™-Tri™ have been deposited at the Protein Data
Bank (PDB) under accession code 7ZHL and 7ZHM, re-
spectively.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) titrations were car-
ried out with MicroCal PEAQ-ITC machine (Malvern). Be-
fore the measurement, the Tre™ toxin and nucleotide-free
EF-Tu were pre-incubated with 2 mM MgCl, and 10 mM
GppNp, and re-purified on Superdex 75 gel filtration col-
umn equilibrated with ITC buffer (50 mM Hepes pH 7.5,
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40 mM NH4CI, 25 mM NaCl, 1 mM TCEP). Before the
titrations, all samples were supplemented with 500 wM of
NAD™*. The toxin sample concentration in the syringe was
300 wM and EF-Tu sample concentration in the cell was 30
pM. Experiments consisted of 19 injections of 2 wl volumes
of toxin into the cell (containing 280 wL of EF-Tu or buffer
as controls) with 150 s intervals and a stirring rate of 750
rpm. The titrations were performed at 15°C with reference
power set to 10 pcal-s~!. Titrations were repeated twice and
kinetic parameters reflect averages of analysis using one set
of sites fitting model.

Mass spectrometry analyses

The purified EF-Tu toxin, after Tre™ action or not, bound
to GTP or GppNp, was buffer-exchanged with 200 mM
NH4CH3;COO using a BioSpin 6 (Bio-Rad).

Intact mass analysis. Samples were nanoelectrosprayed
using a TriVersa NanoMate (Advion Biosciences) coupled
to an Eclipse mass spectrometer (ThermoFisher Scientific).
Data were recorded at 15 K resolution with 10 microscan
between 700 and 2000 m/z in protein mode under nor-
mal pressure condition. Spectrum were summed and noise
thresholded using Peak-by-Peak (SpectroSwiss), then de-
convoluted with Unidec (33).

Top-down analysis. The ADP-ribosylated EF-Tu protein
bound to GTP was nanoelectrosprayed using a TriVersa
NanoMate (Advion Biosciences) coupled to an Eclipse
mass spectrometer (ThermoFisher Scientific). Data were
recorded at 120 K resolution with 50 microscan in protein
mode under normal pressure condition. Charge state 45+
(1016 m/z) was selected and submitted to higher energy col-
lision dissociation (HCD) (NCE 20-40) or ETheD (ETD 1-
5; HCD 1-10) fragmentations. For proton transfer charge
reduction (PTCR) experiments, all ions generated upon ac-
tivation were selected and charge-reduced for 25 to 100 ms
with a reagent intensity of 7ES. Spectrum with same acti-
vation were summed and deconvoluted using Qualbrowser
(Extract algorithm). Peaks were assigned with ProSite Lite
using 2 ppm error tolerance considering the cysteines free.
The modification site was manually assessed by addition of
a custom modification of + 541.06, corresponding to the
monoisotopic mass of an ADP-ribose addition, on differ-
ent amino acid.

Bottom-up analysis. About 100 pg of the different EF-Tu
preparations were digested at 37°C for 10 min in acid con-
dition (0.1% formic acid [FA]) by 1 wl of Nepenthes diges-
tive fluid as described (34). Digests (1 g) were analyzed by
nanoLC-MS/MS on a QExactive HF mass spectrometer.
Generated peptides were separated on a homemade 30-cm
C18 column (Kinetex 1.7 pm, XB-C18, Phenomenex) at a
250 nL.min~! flow using a water/acetonitrile (ACN) gra-
dient. After 5 min at 2% solvent B (80% ACN, 0.1% FA),
a 60-min linear gradient of solvent B from 8% to 40% was
applied followed by a quick ramp to 60% in 5 min. The col-
umn was rinsed with a 12 min plate of 95% solvent B fol-
lowed by an equilibration step of 15 min at 2% solvent B.
The scan range of the MS experiment was set between 300
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and 1800 m/z. Resolutions were set at 60 K for both MS and
MS/MS, AGC at 3E6 for MS and 1E6 for MS/MS. The 10
most intense ions with a charge state of 2 or plus and with
a minimum intensity of 9.1E5 were selected with an isola-
tion windows of 1.4 m/z for MS/MS experiment with HCD
fragmentation at a normalized collision energy of 29 and
then excluded from selection for § s.

Bottom-up data analysis. Raw data were searched using
PEAKS Studio v7 (Bioinformatics Solutions Inc) with a
tolerance of 5 ppm for the precursor and 0.01 Da for the
fragments. No enzyme rule was used since the Nepethens
digestive fluid is not sequence specific. Two modifications
were taken into account: methionine oxidation (+15.99 on
M) and ADP-ribose addition (+541.06 Da) with a max-
imum number of modifications per peptide set to 2. De
novo data were then searched against E. coli EF-Tu se-
quence. The most comprehensive fragmentation spectra of
the EF-Tu peptides identified with an ADP-ribose were se-
lected and manually checked to localize precisely the amino
acid residue bearing the modification. Ions with a ribose-
phosphate addition (+ 193.998) were specifically tracked as
they remain stable after HCD activation.

In vitro transcription-translation assays

Coupled in vitro transcription-translation assays were per-
formed with the PURExpress® In vitro Protein synthesis
kit (NEB), using DNA template coding for the GFP-strep
reporter protein that was amplified using the SUTR-GFP
and 3’UTR-GFP-strep primers (Supplementary Table S3).
When indicated, reactions contained 0.1 mM NAD™ or 6-
biotin-17-NAD™*, 1 pM Tre™, 5 uM Tri™ or Tre™ pre-
incubated with Tri™ for 5 min at room temperature. Reac-
tions were performed for 2 h at 37°C, and proteins were sep-
arated by sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) or native PAGE, transferred on
to nitrocellulose membranes, and GFP-strep was detected
by immunoblotting with strep-Tag antibodies (Classic, Bio-
Rad).

Effect of Tre™ toxin on in vitro eukaryotic translation
was determined by following the production of the lu-
ciferase protein in TnT® T7 Quick coupled transcription-
translation system (Promega) based on rabbit reticulocyte
lysate. Reactions were supplemented with 100 uM NAD*,
and 2 pM of the Tre™ toxin when indicated. After 2 h of
incubation at 30°C, the luciferase activity was measured in
microplate reader (Tecan M200 Infinite). About 2.5 pl of
reactions were dispensed in black flat bottom 96-well plate
(Microfluor 1, Nunc) and covered with 100 wl of buffer (25
mM HEPES pH 7.5, 10 mM MgCl,, 0.5 mM ATP) sup-
plemented with 200 uM of the D-luciferin substrate using
a micro-injector. After injection, samples were mixed for 3
s, and luminescence was registered in 6 cycles of 10 s that
were integrated for final result. The reactions and measure-
ments were performed in triplicates and averages as well as
individual integrated signals were plotted.

In vitro and ex vivo biotin-ADP-ribosylation assays

For ex vivo biotinylation assays, 50 ml of E. coli DH5«
cells were grown to late exponential phase and resuspended
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Figure 1. Salmonella enterica Rhs™" Tre™ C-terminal domain has antibacterial cytoplasmic-acting activity and is neutralized by Tri™. (A) Schematic
representation of the S. enterica Typhimurium LT2 T6SS gene cluster. Genes encoding core and accessory T6SS components are depicted as black arrows.
Genes encoding effector protein and domain, and immunity proteins are colored in red and green, respectively. The structural parts of ris™" and rhs®?han
genes are stripped in black and red. (B) The schematic representation of the rs”“". PAAR domain is colored in blue, transmembrane domains in gray,
RHS repeats in brown and Tre™ toxin domain in red. (C) Toxicity assay in the heterologous host E. coli. Cultures of E. coli cells bearing the empty or Tre™®
toxin-encoded pBAD33rbs and empty or Tri™ immunity-encoded pKK22.3 plasmids were serially diluted and spotted on LB agar plates supplemented
with 0.2% arabinose and 1 mM IPTG to induce expression from pBAD33 and pKK vectors, respectively. (D) Gel filtration analyses using Superdex 75
10/30 column. The TreT™~Tri™ complex was purified via the 6x His tag fused to Tre™. After TEV protease cleavage, the complex was subjected to size-
exclusion chromatography, revealing a unique peak (black peak and black star). In the other assay, the complex bound on the metal-affinity resin was
subjected to denaturation by 8 M urea. The two fractions (elution containing Tre™ and urea wash containing Tri"") were then refolded and subjected to
size-exclusion chromatography (red and green peaks and stars, respectively). The elution profiles of molecular mass standards indicated on top (in kDa) are
shown in dotted lines. (E) SDS-PAGE and Coomassie blue staining of the various purified samples: His-TEV-Tre™ /Tri™ complex (lane 1), His-TEV-Tre™

(lane 2), TEV-digested Tre™/Tri™ complex (lane 3), and denaturated/refolded Tre™ (lane 4) and Tri™ (lane 5).

in 0.5 ml of phosphate-buffered saline (PBS) buffer. Cells
were then disrupted by sonication and 0.1 mM of 6-biotin-
17-NAD* and 1 uM Tre™ were added when indicated.
At different timepoints, aliquots of the reaction were har-
vested, mixed with 2 x Laemmli loading dye and heated
for 5 min at 95°C. For in vitro EF-Tu biotinylation as-
says, 20 uM of purified EF-Tu or its variants were in-
cubated with 0.1 mM of 6-biotin-17-NAD" and 1 pM
Tre™ and/or 5 wM Tri™, as indicated. Reactions were in-
cubated for 15 min at 37°C. All samples from biotinyla-
tion assays were separated by SDS-PAGE and transferred
on to nitrocellulose membranes. Protein transfer was veri-
fied by Ponceau staining, and biotin-ADP-ribosylated pro-
teins were immunodetected with streptavidin-alkaline phos-
phatase conjugate (Invitrogen).

Accession codes

The final atomic model and coordinates of Tre™ and
of the Tre™/Tri™ complex have been deposited to the
Protein Data Bank (PDB) under the accession codes
7ZHL and 7ZHM, respectively. The proteomics data have
been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier
PXD033100.

RESULTS

Salmonella Rhs™™ C-terminal domain, Tre'™, is a
cytoplasmic-acting toxin, which is neutralized by a cog-
nate immunity protein

Salmonella enterica Typhimurium encodes a single func-
tional T6SS gene cluster that comprises all the core elements

for the assembly of the secretion apparatus and several an-
tibacterial toxins and their cognate immunity proteins (Fig-
ure 1A, (35)). The peptidoglycan-targeting Tae4 and Tldel
effectors have been recently characterized (36-39). These
toxins were suggested to be secreted via the association
with the Hep inner tube protein (37,40). Additionally, it has
been previously shown that S. enterica Typhimurium gains
fitness by secreting T6SS-dependent Rhs toxins for bacte-
rial competition (10). The S. Typhimurium T6SS gene clus-
ter encodes a full-length Rhs protein (Rhs™") comprising
the N-terminal PAAR domain flanked by putative trans-
membrane segments, the core composed of RHS repeats,
and a C-terminal toxin domain that we named Tre™ (Fig-
ure 1B). This gene is followed by a gene encoding a putative
immunity protein (rhsI™*" hereafter named Tri™), and a
number of cryptic genes encoding orphan Rhs C-terminal
domains and cognate immunities (Rhs°™han /R hsJorphan)
(Figure 1A). The regions encoding the orphan Rhs domains
have been shown to recombine with ras™*" to evolve new
Rhs effectors (10). However, the cellular activities of these
Rhs toxins are not yet known.

To gain insights on the function of the S. enterica Ty-
phimurium Rhs™" C-terminal Tre™ extension, the se-
quence encoding this domain was cloned into the pBAD33
vector. Figure 1C shows that the Tre™ domain was toxic
when produced into the cytoplasm of E. coli cells. TreTu tox-
icity was counteracted by the co-expression of the i’ pu-
tative immunity gene (Figure 1C). Pull-down assays show
that Tri™ co-precipitates with Tre™ (Figure 1D-E). Tre™
and Tri™ form a stable protein complex that can only be
separated in the presence of 8 M urea (Figure 1D-E). This
complex likely comprises one copy of each partner as (i)
the intensity of the Tre™ domain and Tri™ protein is com-
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Figure 2. Tre™ structure. (A) Ribbon representation of the S. enterica Tre™ domain. The B -strands, including the pseudo-B-strand B4, are numbered. (B)
Secondary structures of Tre™". The putative residues involved in NAD* binding and catalysis are colored by element. (C). Magnification of the enzymatic
pocket highlighting the residues involved in NAD* binding and catalysis. (D and E) Toxicity assay in the heterologous host E. coli. Cultures of E. coli cells
producing the Tre™ toxin and its variants from the pBAD33rbs vector were serially diluted and spotted on LB-agar plates supplemented with 1% glucose
(repression conditions, left panel) or 0.2% L-arabinose (induction conditions, right panel). Effect of mutations in the putative catalytic triad are shown in
(D), and further residues suggested to be involved in NAD* binding and catalysis are shown in (E).

parable after Coomassie staining (Figure 1E) and the ex-
perimental molecular mass observed by gel filtration (~20
kDa) is similar to the theoretical mass of a 1:1 Tre™'-
Tri™ complex (23 kDa) (Figure 1D). Taken together these
results demonstrate that the S. Typhimurium Rhs™" C-
terminal extension is a cytoplasmic-acting toxin whose ac-
tivity is neutralized by an immunity protein encoded down-
stream, likely through stable protein—protein contacts in a
1:1 stoichiometry.

Crystal structure of the Tre™ domain reveals an ADP-
ribosyltransferase fold with an unusual catalytic site

While sequence analysis of Salmonella Tre™ did not pro-
vide any information on its potential activity, we pursued
its characterization by subjecting the refolded, active (see
below), Tre™ domain to crystallization trials. Tre™ readily
crystallized in a buffer containing zinc acetate, and a diffrac-
tion dataset was collected at the Zn K-edge. The structure
of Tre™ was solved by single-wavelength anomalous dis-
persion (SAD) phasing and refined to a resolution of 2.2
A (Supplementary Figure S1 and Table S1). The crystal
asymmetric unit contained two Tre™ molecules that show

some variability in the C-terminal a-helix and in the loop
between B-strands 3 and 5 (which is ordered in the complex
between Tre™ and its immunity protein, Tri™", revealing the
additional strand 4, see below) that could reflect flexibil-
ity of these regions (Supplementary Figure S1C). The Tre™
monomer consists of a twisted but continuous B-sheet dec-
orated with two major a-helices—one laying on the side of
the sheet and another one extending upwards from the sheet
(Figure 2A and B). A search for structural homologs using
DALI (41) identified a number of mono- and poly-ADP
ribosyltransferase (ART) proteins (Supplementary Figure
S2). ART proteins transfer the ADP-ribose moiety from
the NAD™ to a target molecule (42,43). While identifying
ADP-ribosyltransferases can be difficult solely based on
the amino acid sequence (42,44-46), all ARTs comprise a
split B-sheet typically composed of six strands in the or-
der of 4-5-2/1-3-6 (42) (Supplementary Figure S2). The
Salmonella Tre™ toxin domain displays a similar organi-
zation than ARTs, suggesting the position of the toxin ac-
tive site (Figure 2A and B; Supplementary Figure S2). In
ARTs, the split between the two parts of the B-sheet con-
strains the NAD™ molecule to the active site composed of
a catalytic triad located on strands B1, B2 and B5 (42,47)
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(Supplementary Figure S2). Based on the composition of
these catalytic triads, ARTs are evolutionary clustered into
the H-H-h (h being any hydrophobic residue), H-Y-[QED]
and R-[STJ-E clades (42). The first active site residue of the
triad emerges from the lower surface of strand B1 and this
position is occupied by the arginine (R6) in Tre™, suggest-
ing that the protein belongs to the R-[ST]-E clade (Figure
2C). However, the upper surface of Tre™ strands B2 and
BS, which should provide the two remaining S/T and E
residues of the R-[ST]-E triad, are occupied by histidine
H31 and tryptophan W68 instead (Figure 2C). Hence, the
Tre™ active site resembles the less common H-H-h triad
found in tRNA 2’-phosphotransferases and CC0527 fam-
ily enzymes (42). While no other neighboring residues of
the corresponding regions seem to be oriented toward the
cleft of the split B-sheet, we propose that the active site
of the Salmonella toxin has an unprecedented hybrid con-
figuration between the R-[ST]-E and H-H-h catalytic tri-
ads (Figure 2C). In agreement with this suggestion, ala-
nine substitutions of the R6, H31 and W68 residues inacti-
vated the toxin (Figure 2D). We further tested other residues
for which the side chains are oriented toward the same
cleft. Notably, substitution of conserved glutamate E12 lo-
cated on the first a-helix and physically adjacent to the argi-
nine R6 side chain completely inactivated the toxin (Fig-
ure 2E). Additionally, a characteristic loop between helix
al and strand B2 that usually forms a ‘wall’ of the NAD™-
binding pocket (42) contains two serine residues at positions
25 and 26 in Tre™. While the S25A substitution impaired
toxin activity, the S26A substitution had no effect (Fig-
ure 2E). Lastly, substitution of the conserved phenylalanine
F41, located on the loop downstream of strand 32 and ori-
ented toward the same cleft, also inactivated Tre™ toxic-
ity (Figure 2E). Collectively, these results demonstrate that
Salmonella Rhs™™ toxic domain displays a characteristic
ART fold, with a hybrid or unorthodox catalytic triad (see
Discussion).

Tre™ inhibits translation by ADP-ribosylation of the EF-Tu

Previous T6SS-associated antibacterial ADP-
ribosyltransferases have been demonstrated to inhibit
cell division or protein synthesis through modification
of the FtsZ actin-like protein or of the ribosomal 23S
RNA (20,48). To provide information on the Tre™ cel-
lular target(s), the purified and refolded Tre™ domain
was added to the lysate of susceptible E. coli cells in
the presence of a biotinylated derivative of NAD*, 6-
biotin-17-NAD*. Time-course analysis by SDS-PAGE
and blotting with streptavidin—alkaline phosphatase
(streptavidin-AP) conjugate revealed an accumulation
of a 43-kDa ADP-ribosylated protein in the presence of
the Tre™ toxin (Figure 3A). The biotin-ADP-ribosylated
protein target was then enriched on streptavidin beads
(Supplementary Figure S3) and identified as the EF-Tu by
mass spectrometry. In agreement with this identification,
ITC experiments showed that Tre™ binds EF-Tu with
a dissociation constant (Kp) of ~ 1.7 uM (Supplemen-
tary Figure S4). The low affinity suggests that the Tre™
does not form a stable complex with EF-Tu but rather
interacts transiently in order to modify it. EF-Tu being a
critical component of the translation machinery, we then
tested whether Tre™ affected protein synthesis. For this,
synthesis of a GFP-strep reporter protein was tested in
a coupled transcription-translation assay in the absence
or presence of Tre™ and of NAD". Figure 3B shows that
the addition of micromolar amount of the Tre™ toxin
inhibited protein synthesis in the presence of NAD*. When
the reaction was supplemented with 6-biotin-17-NAD?*,
the only ribosylated component in the presence of Tre™
was EF-Tu (Supplementary Figure S5). This result was
confirmed by an in vitro assay containing purified EF-Tu,
Tre™ and biotin-NAD* only (Figure 3C). Addition of
Tri™ in the coupled transcription-translation and in vitro
assays prevented Tre™ activity but did not resume protein
synthesis and did not reverse EF-Tu modification when
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Figure 4. Tre™ ADP-ribosylates EF-Tu at residue D21. (A) Deconvoluted mass spectra of EF-Tu in presence of NAD™ and GTP before (top panel) and
after (bottom panel) incubation with Tre™ toxin. The two major forms correspond to EF-Tu without the initiator methionine (purple) and without the
initiator methionine plus an hexose (cyan), respectively. (B) Fragmentation spectra of the TIGHVD(ADP-ribose)HGKTTL peptide obtained after HCD
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loss (labeled *-H20’). (C) EF-Tu structure (blue, PDB:10b2) highlighting the exposition of residue D21 side chain, which is located on the P-loop of the G
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G2655, C2658 and G2659. (E) ADP-ribosylation of the wild-type EF-Tu and its D21A, D21E and D21N substitution variants. About 20 wM of purified
his-EF-Tu was incubated with GTP, 0.1 wM of biotinylated NAD* and 1 uM of Tre™ toxin for 15 min. Proteins were stained by Ponceau rouge after
SDS-PAGE and transfer on nitrocellulose membrane (upper panel). The ADP-ribosylation was detected by streptavidin-AP conjugate (lower panel).

added after Tre™ action (Figure 3B and C), demonstrating
that similarly to Tri23 (20), but contrary to Tril (48),
Tri™ does not remove the adduct, and is unlikely to have
ADP-ribosyl hydrolase activity.

Tre™ mono-ADP-ribosylates EF-Tu at Asp21

To define the extent of the modification on EF-Tu, the puri-
fied EF was incubated with the Tre™ toxin and NAD" and
then subjected to intact mass spectrometry analyses. Fig-
ure 4A shows that all EF-Tu subspecies undergo a ~541-
Da mass increment after incubation with the toxin com-
pared to the control experiment, corresponding to the mass
of a single ADP-ribose moiety (541.3 Da). To identify the
position of the modification on EF-Tu, ADP-ribosylated
EF-Tu was subjected to bottom-up analysis after trypsin
digestion. In these conditions, no EF-Tu modification was
observed suggesting that the modification is labile and lost

during the processing of the sample. To overcome this prob-
lem, we performed a bottom-up analysis in acidic condi-
tions after acid digestion of the modified EF-Tu, using Ne-
penthes fluids (34). Several intense peptides containing the
modification were manually assigned, limiting the position
of the modification to the T IGHVDHGKTTL? peptide.
Looking at the low mass region of the fragmentation data,
three specific ions (428.036, 348.070 and 250.093 m/z) aris-
ing from the fragmentation of an ADP-ribose moiety and
corresponding respectively to an ADP, an AMP and an
adenosine could be readily identified, validating the modi-
fication identity (Figure 4B). Analysis of all the fragmented
peptides carrying the modification localized the modifica-
tion on the D21 residue (Figure 4B). To identify the posi-
tion by an independent approach, we analyzed the Tre™-
modified EF-Tu by top-down MS/MS using electron trans-
fer dissociation (ETD) or HCD (34). Here again, ions cor-
responding to the fragmentation of the ADP-ribose addi-
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tion were readily identifiable in the low mass region. After
deconvolution of the MS? spectra and analysis of the top-
down data, the modification was localized between residues
D21 and T28. To improve the spatial localization of the
ADP-ribose addition, we performed PTCR experiment af-
ter HCD or ETD fragmentation. Taken together, all exper-
iments provided 205 fragments especially in the N-terminus
region where the modification was localized, thus increas-
ing the spatial resolution and narrowing the modification to
residue D21 (Supplementary Figure S6). In conclusion, the
bottom-up and top-down results unambiguously show that
Tre™ ADP-ribosylates EF-Tu on residue D21. Residue D21
is located within the the P-loop of the EF-Tu G-domain
and is part of the signature motif of elongation factors (49)
(Figure 4C and D). In order to confirm the position of the
modification, EF-Tu substitution variants at D21 (D21A,
D21E and D21N) were engineered and purified to homo-
geneity (Supplementary Figure S7). Upon incubation in the
presence of Tre™ and biotin-NAD*, none of these variants
were biotinylated, demonstrating that Tre™ specifically tar-
gets the EF-Tu D21 side chain (Figure 4E).

Tre™ ADP-ribosylates the EF-Tu GTP-bound form

The P-loop of EF-Tu binds «- and B-phosphates of GTP or
of GDP. The EF-Tu G-domain switch I and II regions sense
the presence of the y-phosphate and undergo conforma-
tional changes upon GTP hydrolysis (50). Due to the loca-
tion of the Tre™-mediated adduct and of its exquisite speci-
ficity, we further assessed whether the presence of EF-Tu
interaction partners—GTP, tRNA and nucleotide exchange
factor EF-Ts—would affect the modification. Interestingly,
the modification rate increased upon addition of GTP and
was not affected by tRNA but largely prevented by the
presence of EF-Ts (Figure 5A). To further assess the effect
of the presence of nucleotide in the reaction, we produced
nucleotide-free EF-Tu and assayed its ADP-ribosylation in
the presence of GTP, GDP, or of a non-hydrolysable form

of GTP, GppNp. Figure 5B shows that the Tre™ toxin mod-
ified the GTP-bound state of EF-Tu but had no activity on
the GDP-bound form. In addition, the modification of the
GppNp-bound form of EF-Tu suggested that GTP binding
but not GTP-hydrolysis is required for the Tre™ ART reac-
tion (Figure 5B).

Tri™ acts like a lid to occlude the active site of Tre™

The results presented above demonstrated that Tri™ neu-
tralizes Tre™ by forming a protein complex but lacks ADP-
ribosyl hydrolase activity. To understand how Tri™" achieves
efficient neutralization of Tre™, the purified Tre™-Tri™
complex was subjected to crystallization. The Tre™-Tri™
complex structure was solved by molecular replacement
to a 2.7 A resolution using the Tre™ structure as a tem-
plate (Supplementary Table S1). The unit cell of the crystal
contained two heterodimers of Tre™-Tri™ (Supplementary
Figure S8). The structure of the complex shows that Tri™
makes extensive contacts with the Tre™ toxin by binding to
the concave B-sheet structure burying a surface of 1100 A?
(Figure 6A-D). The Tri™ immunity protein is itself com-
posed of a flat five-stranded antiparallel B-sheet flanked on
one side by two a-helices. The Tri™ B-sheet closely docks
against the surface of the Tre™ toxin and hinders the access
to the catalytic site (Figure 6A and B). Strikingly, a NAD™*
molecule is trapped between the toxin and immunity pro-
teins (occupancy of all NAD* atoms > 0.9) (Figure 6A-C,
Supplementary Figure S9). In agreement with the proposed
ART active site described above, the phosphates of NAD*
form hydrogen bonds with the R6 and S25 side chains of
Tre™ while the NAD™ riboses associated to the adenine and
to the nicotinamide are coordinated by the E12 and H31,
and F41 and W68 side chains, respectively (Supplementary
Figure S10).

The superimposition of the free and neutralized Tre™
toxin structures shows they overlap with a root-mean-
square deviation (rmsd) of 0.719 A. Major structural rear-
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E. coli. Cultures of E. coli cells producing the Tre™ toxin and its variants from the pBAD33rbs vector were serially diluted and spotted on LB-agar plates

supplemented with 1% glucose (repression conditions, left panel) or 0.2% L-arabinose (induction conditions, right panel).

rangements occur on the top part of the split B-sheet and on
the C-terminal a3 helix. Notably, the neutralized NAD™*-
bound form possesses a folded B4 strand and slightly re-
modeled B2 and BS5 strands (Supplementary Figure S9A).
Most importantly, the H31 and W68 side chains that co-
ordinate the NAD™ adopt different angles (Supplementary
Figure S9B). While some of the rearrangements can be at-
tributed to NAD* binding, the C-terminal a-helix is lo-
cated at relatively long distance from the active site. In-
triguingly, the Tri™ immunity protein is positioned slightly
upward and the top of its B-sheet is in close contact with
the Tre™ C-terminal a-helix. Moreover, this helix is sta-
bilized by crystallographic dimers and has slightly differ-
ent conformation in the asymmetric units of both crys-
tals and could thus present flexibility in solution (Sup-
plementary Figures S1 and S8). This helix extends out-
ward of the active site and consists of a series of posi-
tively charged residues: R80, K83, R84 and K85 (Figure
6D). Because this a-helix is a unique feature of Tre™ as
compared to other ADP-ribosyltransferases retrieved from
DALI search (Supplementary Figure S2), one can specu-
late that this helix is important for target recognition and
binding. Indeed, a non-bias AlphaFold2 (51,52) model of
the EF-Tu-Tre™ complex readily positioned the toxin at the
EF-Tu P-loop. Alignment of the modeled toxin with the ex-
perimental NAD™ bound form positions the nicotinamide-
associated ribose of NAD™ close to residue D21 (Supple-

mentary Figure S11A,B). Interestingly, this model suggests
that the Tre™ C-terminal a-helix docks against helix D of
the EF-Tu G-domain. More specifically, the side chains of
Tre™ residues R80 and K85 are oriented toward glutamate
residues of EF-Tu helix D (Supplementary Figure S11C).
To test this model, we introduced alanine substitutions at
Tre™ positions R80, K83, R84 and K85. Figure 6E shows
that residues R80 and K85 likely play an important role in
Tre™ function as the toxicity of the R80A and K85A vari-
ants was slightly impaired and the double R80-K85A mu-
tant was inactivated (Figure 6E). The AlphaFold2 model
of the EF-Tu-Tre™ complex suggests that the toxin also
binds the switch I region of EF-Tu in its GTP-bound con-
formation (Supplementary Figure S11B). This switch I re-
gion drastically changes the conformation and folds back-
ward in the GDP-bound form (53). The loss of contacts
with this region might explain the incapacity of Tre™ to
ADP-ribosylate EF-Tu in GDP-bound conformation (Sup-
plementary Figure S11B, Figure 5B).

The exquisite specificity of Tre™ might also prevent off-
target interactions. While the P-loop is highly conserved
across all elongation factors (49), none of them were mod-
ified in vivo or in vitro. Further, we found no effect of the
toxin towards yeast cells in vivo or eukaryotic translation
machinery in vitro (Supplementary Figure S12). The align-
ment of the eukaryotic homologue eEFlal to the EF-Tu—
Tre™ model suggests that additional eEFlal a-helical ele-
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ments close to the D17 residue prevent toxin binding (Sup-
plementary Figure S12C).

DISCUSSION

In this work, we provide a functional and structural char-
acterization of the C-terminal extension of the S. enterica
Typhimurium Rhs™*" polymorphic toxin, revealing a novel
atypical ART enzyme acting on the EF-Tu.

Using a combination of in vivo and in vitro assays, we pro-
vide evidence that Tre™ inhibits protein synthesis. While
structural prediction did not suggest any specific fold, the
Tre™ crystal structure unveiled a typical fold of ADP-
ribosyltransferase, comprising a split 6-stranded B-sheet
flanked by an a-helix on the convex side.

ADP-ribosyltransferase enzymes transfer the ADP-
ribose moiety from the NAD™ cofactor on to specific tar-
gets (43,54). ARTs with toxic functions are rather common
(55). They are delivered through various mechanisms and
they target diverse substrates. One of the most common
targets of ARTs are proteins with G-domains, a univer-
sally conserved structure hydrolyzing GTP to switch pro-
tein activity between on and off states (49,50). G-domain
proteins include translation factors, eukaryotic signaling
molecules, such as Ras proteins, or GTP hydrolyzing pro-
teins such as tubulin and the bacterial division component
FtsZ (56-58). Indeed, well-characterized bacterial toxins
such as the pertussis, cholera and clostridia CTD toxins tar-
get eukaryotic G-proteins (59-61), the antibacterial Serra-
tia proteomaculans Trel toxin targets FtsZ (48) and several
ART toxins have been shown to be potent translation in-
hibitors (20,55,62). Notably, the diphtheria and P aerug-
inosa ExoA toxins ADP-ribosylate diphtamine residue of
the eukaryotic elongation factor, EF-2 (62,63), while we
recently reported that the ART-HYDI family toxin Tre23
from Photorhabdus ADP-ribosylates 23S rRNA (20). Pro-
tein synthesis inhibition by ADP-ribosylation is thus a com-
mon theme, which can be achieved by targeting various
translation components. We showed here that Tre™ arrests
protein synthesis by ADP-ribosylating EF-Tu and inhibit-
ing its function. Our biochemical and mass spectrometry
results further showed that a single ADP-ribose is trans-
ferred on to the D21 residues of the EF-Tu G-domain. The
majority of ARTs modifications occur on the NH; of the
guanidino group of arginine residues, or amide group of
glutamine or asparagine side chains. Contrary, the HYE
ART clade, comprising the polyADP-ribosyltransferases
(PARPs), modifies nucleophilic amino acids, primarily glu-
tamate and aspartate (43,64). While PARPs target multi-
ple sites, to our knowledge, the S. Typhimurium Tre™ toxin
characterized here is the first example of an ART that trans-
fers ADP-ribose on a single aspartate. This peculiar charac-
teristic might be explained by its unorthodox catalytic site,
which does not fall into the typical RSE, HYE, REH or
HHh clade (42). A DALI search showed that the closest
structural homologs of Tre™ are the Yersinia pseudotuber-
culosis CNFy toxin, which shares a R-E-H triad, but no
confirmed ART activity (65,66), and the Aeropyrum RNA
2’-phosphotransferase, which possesses a H-H-h triad (67).
Previous observations suggested that the orientation of the
NAD™ molecule inside the catalytic pocket is more impor-

tant than specific residues (42). In agreement with this sug-
gestion, the absence of a third catalytic residue in PARPs
does not prevent their activity, although it could be cor-
related to mono-ADP-ribosylation instead of poly-ADP-
ribosylation (64). The crystal structure of Tre™ bound to
NAD™ demonstrated that the R6, E12, S25, H31, F41 and
W68 side chains are involved in NAD* coordination (Fig-
ure 6), in agreement with the strong impact of the substi-
tution of these residues on Tre™ activity (Figure 2D and
E). We can therefore suggest two different organizations of
the catalytic triad, both being different from the typical or-
ganizations. Based on the position of catalytic residues in
typical ARTs, the Tre™ active site might be constituted of
the R6-H31-W68 triad, which will be a hybrid R-H-h con-
figuration of the R-S-E and H-H-h triads. Alternatively, the
triad could be comprised of the typical R6-S25-E12 residues
but with an unorthodox positioning.

Tre™-mediated EF-Tu modification occurs on a con-
served aspartate, D21. The D21 residue is located on the
P-loop—a highly conserved motif found in cellular AT-
Pases and GTPases and responsible for coordinating the
nucleotide phosphates (49,50). Interestingly, all elongation
factors possess a conserved aspartate residue in the center of
this motif (49), suggesting an important and specific func-
tion of the side chain. It has been hypothesized that EF-Tu
D21 could act as a catalyst by contributing to the relative
orientation of GTP and Mg?* and to proper GTP hydroly-
sis (68,69). Indeed, substitutions of the EF-Tu D21 residue
have been shown to decrease the GTPase rate of the EF-
Tu-tRNA-GTP ternary complexes in the preprogrammed
ribosomes (69). Based on these data and on our results
demonstrating the addition of an ADP-ribose moiety on
the D21 side chain, we propose that the Tre™ modification
may have the same negative effect on EF-Tu GTP hydroly-
sis, and hence on protein synthesis. Alternatively, the mod-
ification of the D21 side chain may have an impact on the
proper positioning of EF-Tu on the ribosome. In support
of this hypothesis, the EF-Tu structure shows that the D21
side chain points outward from the P-loop and is therefore
accessible for ADP-ribosylation by the Tre™ toxin (Figure
4C). However, when EF-Tu is associated with the ribosome
during translation elongation, the D21 side chain is con-
fined into a cavity of the 23S ribosomal RNA formed by nu-
cleobases G2655, C2658 and G2659 (Figure 4D). The ADP-
ribose adduct on this side chain would thus likely cause
steric clashes preventing proper position of EF-Tu on the
ribosome.

Our results demonstrate that the Tre™ toxin is highly
specific to the GTP-bound form of EF-Tu. Discrimination
of the two forms likely involves the P-loop and the D21
residue itself. The peptide nitrogen of the D21 residue forms
a hydrogen bond with the oxygen of the B-phosphate of
the GDP (70), while in the structure of EF-Tu bound to
GppNp, the D21 residue binds the - and y-imido groups
of GppNp. Further, the peptide bond between D21 and the
neighboring V20 residue is flipped in the GppNp-bound
form as compared to the GDP-bound form (70,71). Taken
together, the stereochemistry of the D21 side chain in the
different EF-Tu forms may explain why only the GTP-
bound form can be targeted by Tre™. Binding of GTP
by EF-Tu also introduces major rearrangements in regions
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known as switches I and II (53). The AlphaFold2 model
of Tre™ bound to EF-Tu suggests toxin contacts with the
switch I region in the GTP-bound conformation, which
might be necessary to stabilize the interaction (Supplemen-
tary Figure S10). Interestingly, nucleotide exchange in EF-
Tu was also shown to impact the position of helix D, which
connects to nucleotide binding pocket via the loop that rec-
ognizes guanine (72). Helix D constitutes the site of con-
tact for the elongation factor Ts (EF-Ts), responsible for nu-
cleotide exchange (73), as well as for the L7/L12 ribosomal
subunits (74). The AlphaFold2 model and mutagenesis re-
sults suggest that Tre™ anchors on to the EF-Tu helix D, via
its a3 helix, an additional helix that is not a part of the clas-
sical ART fold. In this position, the catalytic site of Tre™ is
well oriented to modify the EF-Tu D21 side chain (Supple-
mentary Figure S10). One may hypothesize that Tre™ also
recognizes a specific helix D conformation, to discriminate
the EF-Tu forms. Observation that the presence of EF-Ts
decreases Tre™-mediated EF-Tu modification (Figure 5A)
suggests that EF-Ts and Tre™ compete for the same bind-
ing site on EF-Tu and supports the hypothesis that helix D
is the main anchoring site for the toxin.

Tre™ is neutralized by a specific, cognate, immunity pro-
tein Tri™. Contrary to Tril, which neutralizes Trel and
removes the ADP-ribose adduct on the FtsZ target via
its ADP-ribose hydrolase activity (48), Tri™ does not re-
pair the Tre™-modified EF-Tu. The crystal structure of the
Tre™-Tri™ complex showed that Tri™ forms a B-lid cover-
ing almost all the concave surface of Tre™. Tri™ therefore
blocks the access of the NAD™* substrate to the catalytic site.
In addition, the top of the Tri™ B-lid also interacts with the
Tre™ o3 helix, and hence may prevent the proper interac-
tion between Tre™ and its target EF-Tu.

In conclusion, we characterized an antibacterial toxin do-
main, Tre™, fused to an Rhs element associated with the
S. Typhimurium T6SS, highlighting the broad diversity of
effectors delivered by this fascinating secretion apparatus.
Tre™ structure—function analysis further unveils that this
toxin belongs to an undescribed ART family with an un-
orthodox catalytic site. Tre™ transfers an ADP-ribose on
a new target, the EF-Tu. The modification occurs on the
highly conserved D21 residue, which represents the first ex-
ample of an ADP-ribose addition on a single aspartate side
chain. This exquisite and specific modification likely de-
creases EF-Tu GTPase activity and prevents proper posi-
tioning of EF-Tu on the ribosome, hence inhibiting protein
synthesis. Tre™ therefore represents a novel bacterial trans-
lation inhibitor and may thus provide the basis for the ra-
tional development of new antibacterials targeting the es-
sential EF-Tu.
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Supplementary Fig. S1. Unit cell contents of the Tre™ crystal. The unit cell (A) is boxed
in yellow. (B) Crystallographic dimer of the Tre™ toxin. The two monomers are shown in
green and brown. The Zinc atoms (used for phasing) bound to the protein are shown, as well
as the Tre™ sidechains interacting with zinc. (C) Alignment of the two toxin molecules in the
asymmetric unit. The two molecules align with the rmsd = 1.595 A across all atom pairs, or
0.634 A across 90 pruned atom pairs.



Organism Protein* function Triad PDB Z med  lali  %id
Yersinia pseudotuberculosis  CNFY ART-like domain D4 R-E-H 6yhk 7.5 2.6 81 14
Aeropyrum pernix APE0204 RNA 2'-Phosphotransferase H-H-V Twfx 6.6 2.6 80 6
Streptomyces scabies Scabin mono-ART R-S-E 5daz 5.6 2.0 87 15
Mycoplasma pneumoniae CARDS ART cytotoxin R-S-E 4tlv 55 27 88 8
Arabidopsis thaliana RCD1 PARP-like domain of RCD1 L-H-N 5ngo 5.5 29 88 8
Bordetella pertussis Pertusis toxin ART domain (subunit 1) K-S-G* 6ro0 5.2 35 87 8
Pseudomonas aeruginosa AcrlF11 mono-ART H-F-D ekyf 51 25 69 7
Pseudomonas syringae pv. R-S-D

AvrPphF ORF2  ART-like head subdomain 1s21 50 25 69 10
phaseolicola
Legionella pneumophila lemQ Qc ART-like domain R-K-D 4eyy 5.0 3.0 79
Homo sapiens PARP10 Poly(ADP-ribose) polymerase 10 H-Y-I 3hkv 5.0 2.6 84

*hypothetical proteins (2jgn,2aua...) were omitted o o
#he 6ro0 represents detoxified Pertussis toxin-mutant, original triad is R-S-E

Salmonella Rhsman CNF, domain 4** 2-phosphotransferase
C-domain (toxin Tre™) C-domain

RCD1
PARP-like domain**

** no ADP-ribosyltransferase activity was demonstrated

Supplementary Fig. S2. Structural comparison of Tre™ with various ADP-
ribosyltransferases. (A) Extract of top results of DALI structural similarity search. Catalytic
triads were extracted from the literature and structural comparisons. Hypothetical proteins that
have no function suggested in literature were omitted. (B) Ribbon representation of the top
five structural homologues from DALI search. a-helices are coloured in yellow, B-strands in
red. B-strands are numbered based on the common fold of split B-sheet formed in the order of
4/5/2 — 1/3/6. The sidechains of the catalytic triad located on strands 1, 2 and 5 are shown in
sticks and indicated by white circles.
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Supplementary Fig. S3. Enrichment of cellular targets of Salmonella Rhs Tre™ toxin. E.
coli cell lysates (L) were incubated with purified Tre™ toxin and biotin-labelled NAD".
After desalting, the biotin-labelled proteins were precipitated on magnetic biotin-binding
beads (P). L and P fractions from E. coli lysates incubated in absence (Contr.) or presence of
TreTu (Tox) were subjected to SDS-PAGE and Coomassie staining (left panel) or transfer
and detection streptavidin-AP conjugate (right panel). The band corresponding to the 45-
kDa enriched Tre™-ADP-ribosylated protein was excised from Coomassie stained gel and
subjected to mass spectrometry analyses, identifying the EF-Tu elongation factor. The
molecular weight markers are shown on the left.
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Supplementary Fig. S4. Tre™ binding to the EF-Tu. Representative isothermal titration
calorimetry binding isotherms. Titration of Tre™ toxin to EF-Tu (left) or buffer (right) in
presence of GppNp and NAD". Top panels show raw data and bottom panels show binding
isotherms of plotting the integrated heat peaks against the molar ratio of titrated Tre™ to EF-
Tu in the cell. Inset shows dissociation constant (kp) and thermodynamic parameters.
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Supplementary Fig. S5. ADP-ribosylation of the coupled in vitro transcription-translation
reaction. Reactions were performed in presence of biotin-labelled NAD" and Tre™ toxin as
indicated, and subjected to native PAGE (A) and Coomassie staining (total protein detection,
left panel), ethidium bromide (nucleic acids detection, centre panel), or blotted against the
streptavidin-AP conjugate (6-biotin-17-ADP-ribosylated proteins detection, right panel). The
same reaction was also subjected to denaturing SDS-PAGE and streptavidin-AP blotting (B).
The position of the ADP-ribosylated protein (ADPr protein) is indicated on right. Molecular
weight markers are indicated on left of panel B.
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Supplementary Fig. S6. Fragmentation map of EF-Tu after modification by the Tre™ toxin.
Blue fragments were identified upon HCD activation, red ones upon ETD activation both with
and without PTCR. Fragments pointing towards the left contain the N-terminus of the protein
while the ones oriented to the right contains the C-terminus. The highest number of fragments
identified was obtained with a mass of +541.06 corresponding to an ADP-ribose added on
residue D21.
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Supplementary Fig. S7. EF-Tu D21 variants purification. (A) Gel filtration analysis of purified
wild-type his-EF-Tu (black line) and D21A (orange line), D21E (blue line) and D21N (purple
line) substitution variants. Proteins were purified on metal-affinity resin and subjected to
Superdex200increase gel filtration chromatography. The positions of elution of the molecular
weight standards (BioRad standards) are indicated by the vertical dotted line. (B) The purified
wild-type his-EF-Tu and D21A, D21E and D21N substitution variants were subjected to SDS-
PAGE and Coomassie staining. Molecular weight markers are indicated on the left.



Supplementary Fig. S8. Unit cell contents of the Tre™-Tri™ crystal. The unit cell (A) is
boxed in yellow. (B) Crystallographic hetero-tetramer comprising a dimer of Tre™-Tri™
dimers. The Tre™ toxins are shown in magenta and brown. Tri™ immunity proteins are
shown in green and cyan. NAD" molecules are coloured by element. Zinc atoms are coloured
in grey.



Supplementary Fig. S9. NAD* position in the Tre™-Tri™ complex. 2mFo-DFc map
highlighting NAD" location (blue) in the full structure of the Tre™-Tri™ complex (Tre™ in red,
Tri™ in green) (A). A magnification is shown in panel (B). For clarity, the immunity is

removed in panel (C).



Supplementary Fig. S10. Tre™ NAD" binding and catalytic residues. (A) Overlay of the free
and NAD*-bound-neutralized (pink) Tre™ toxins in two orientations. Magnifications of the Tre™
catalytic triad and C-terminal a-helix are shown in panels (B) and (C), respectively. (D)
Hydrogen bonds between the toxin and NAD" involves the sidechains of R6 binding to a- and -
phosphates, of E12 binding to the 2'OH of the ribose of ADP, of S25 to a a-phosphate and of
H31 to the 2'OH of ribose linked to the nicotinamide. Further hydrogen bonding between NAD™
and peptide chain involves binding of W7 to the amide group of nicotinamide, of G9 to the 2'OH
group of the ribose of ADP, and S26 to the N7 of adenine. The sidechains of residues F41 and
W68 form a chamber for the ribose linked to the nicotinamide. (E) Hydrogen bonds between the
Tri™ immunity and NAD+ in the neutralized Tre™-Tri™ complex involve the sidechain of W44
to a-phosphate, of S48 to the 3'OH of the ribose linked to the nicotinamide, and of R66 to the 2'
and 3'OH of the ribose linked to the nicotinamide.
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Supplementary Fig. S11. Prediction of Tre™ — EF-Tu interaction. (A) AlphaFold2 prediction
of the EF-Tu - Tre™ complex. The overall model of toxin (yellow) and EF-Tu (pink) are aligned
to experimental NAD"-bound toxin structure (red) and experimental GTP-bound EF-Tu
structure (blue, pdb: 1ob2) and GDP-bound EF-Tu structure (green, pdb: lefc). (B) The
alignment zoom on G-domain of EF-Tu in different orientation. The Switch I regions are
indicated. (C) A magnification highlighting putative contacts between the C-terminal Tre™ a-
helix (‘anchoring helix’) and the helix D of EF-Tu is shown in panel. The anchoring helix
contains stretch of positively-charged residues, while helix D is rich in negatively-charged
residues. (D) Comparison of the EF-Ts (yellow)-EF-Tu (blue) complex crystal structure (PDB:
4pc7) with the Tre™ toxin (red)-EF-Tu (blue) model.
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Supplementary Fig. S12. Tre™ shows no activity against eukaryotic elongation factors. (A)
Toxicity assay against yeast cells. BY4741 yeast strain transformed with pRS416 Gall vector

and its derivative coding for Tre™

were grown overnight, serially diluted and spotted on

repression (glucose) and induction (galactose) media. (B) In vitro translation assays in rabbit
reticulocyte lysate-based system. Activity of reported protein (luciferase) was detected 2 hours
after reaction was initiated. Reactions were supplemented with NAD+ and toxin when indicated.
(C) Structural alignment of the eukaryotic elongation factor 1 a 1 from rabbit (gray, pdb: 51zs)
with E-c°li elongation factor Tu (blue) and toxin Tre™ (red) binding model.



Supplementary Table S1. Data collection and refinement statistics.
Statistics for the highest-resolution shell are shown in parentheses.

Tre™ Tre™-Tri™
Wavelength (&) 1.27819 1.28149
Resolution range (A) 474-2223-22) 49.1-2.7(2.8-2.7)
Space group P212121 P1211
Unit cell (A) a, b, ¢ 51.566.4 67.7 58.694.061.3
a, B,y 90 90 110 90
Total reflections 449820 (65224) 34023 (3434)
Unique reflections 12221 (1721) 17229 (1726)
Multiplicity 36.8 (37.9) 2.0(2.0)
Completeness (%) 99.2 (98.0) 99.6 (99.8)
Mean I/sigma(l) 15.3 (5.4) 5.9 (2.30)
Wilson B-factor 34.7 373
R-merge 0.2 (>1.4) 0.09 (0.35)
R-meas 0.21(1.4) 0.13 (0.50)
R-pim 0.035 (0.23) 0.09425 (0.3563)
CC1/2 0.99 (0.82) 0.976 (0.609)
CcC* 0.994 (0.87)
Anomalous completeness 0.99 (0.99)
Anomalous multiplicity 19.6 (19.7)

Refinement statistics

Reflections used in refinement 12176 (1170) 17205 (1726)
Reflections used for R-free 510 (58) 894 (80)
R-work 0.1930 (0.2463) 0.2221 (0.3217)
R-free 0.2246 (0.3256) 0.2530 (0.3491)
CC(work) 0.957 (0.863) 0.898 (0.745)
CC(free) 0.964 (0.816) 0.897 (0.681)
Macromolecules 1666 3184
Ligands 5 92
Solvent 37 109
Protein residues 225 401
RMS (bonds) 0.010 0.007
RMS (angles) 1.24 1.09
Ramachandran favored (%) 99.1 98.2
Ramachandran allowed (%) 0.9 1.8
Ramachandran outliers (%) 0 0.
Rotamer outliers (%) 0.58 2.27
Clashscore 1.52 2.95
Average B-factor 35.57 19.26
Macromolecules 35.49 18.53
Ligands 79.55 29.06
Solvent 33.37 32.40
Number of TLS groups 20 4




Supplementary Table S2. Strains and plasmids used in this study.

Strain

Description

Source/Reference

E. coli DH5a

F-, A(argF-lac)U169 phoA supE44
lacZAM15 recA reld endA thi hsdR gyr

Laboratory collection

E. coli BL21(DE3) dem ompT hsdS gal ADE3 Laboratory collection
Salmonella enterica Salmonella enterica subspecies I, serovar | McClelland et al., 2001
Typhimurium LT2 Typhimurium

Saccharomyces cerevisiae

BY4741

MATa his3A41 leu2A0 metl15A0 ura340

Laboratory collection

Strain/Plasmid Description Source/Reference
pBAD33 p15A ori, araBAD promoter, Cm® Guzman et al., 1995
pBAD33-rbs Derivative of pBAD33 with ribosome- This study

binding site (rbs) inserted upstream the

multicloning site
pKK?223-3 pBR322 ori, tac promoter, Amp® Brosius and Holy, 1984

pBAD33-Tre™

S. enterica Rhs™" (STM0291) C-
terminal toxic domain Tre™ (residues
1252-1364) cloned into pBAD33-rbs

This study

pKK-Tri™ S. enterica ORF encoded downstream of | This study

STMO0291 cloned into pKK223-3
pET-Duetl pBR322 ColE1 ori, T7 promoter, Amp® | Novagen
pET-hisTEV-Tre™-Tri™ S. enterica fragment coding for Tre™ This study

domain and Tri"™ cloned into pET-Duetl,

in frame with his tag and TEV cleavage

site.
pBAD33-Tre™-R6A Arg6-to-Ala substitution in Tre™ This study
pBAD33-Tre™-E12A Glul2-to-Ala substitution in Tre™ This study
pBAD33-Tre™-S25A Ser25-to-Ala substitution in Tre™ This study
pBAD33-Tre"™-S26A Ser26-to-Ala substitution in Tre™ This study
pBAD33-Tre™-H31A His31-to-Ala substitution in Tre™ This study
pBAD33-Tre"-F41A Phe41-to-Ala substitution in Tre™ This study
pBAD33-Tre™-W68A Trp68-to-Ala substitution in Tre™ This study
pBAD33-Tre-R80A Arg80-to-Ala substitution in Tre™ This study
pBAD33-Tre™-K83A Lys83-to-Ala substitution in Tre™ This study
pBAD33-Tre""-R84A Arg84-to-Ala substitution in Tre™ This study
pBAD33-Tre™-K85A Lys85-to-Ala substitution in Tre™ This study
pBAD33-Tre™-R80A-K85A | Arg80-to-Ala and Lys85-to-Ala

substitutions in Tre™ This study

pET-his-EF-Tu

E. coli MG1655 EF-Tu (fuf4 gene)
cloned into pET15b N terminal his tag

Talavera et al., 2018

pET-his-EF-Tu-D21A Asp21-to-Ala substitution in EF-Tu This study
pET-his-EF-Tu-D21N Asp21-to-Asn substitution in EF-Tu This study
pET-his-EF-Tu-D21E Asp21-to-Glu substitution in EF-Tu This study

pRS416_Gall

URA3/Amp , EN6/ARSH4, GAL1
promoter

Mumberg et al., 1994

pRS416_Gall - TreTu

Tre™ cloned into pRS416_Gall

This study




Supplementary Table S3. Oligonucleotides used in this study.
Restriction sites are underlined. Mutation sites are in lowercase.

name

sequence

R-pBAD-SD-Sal

GATCAGTCGACCCTCCTTCTAGAGGATCCCCGGGTACCG

F-pBAD-MCS

CTGCAGGCATGCAAGCTTGGC

F-pETduet-MCS

GCCAGGATCCGAATTCGAGCTC

R-pETduet-TEV-
Bmt

ACAAGCTAGCGCCCTGGAAGTACAGGTTTTCGTGGTGATGATGG
TGATGGCTGCTG

F-Tri™-EcoRI

ATGCGAATTCATGCTAAATAAATTTAAATTGTGGG

R-Tri"™-HindIII

GACTAAGCTTTTATTTAATACTTATCATAAAATCATCAA

F-Tre™-Sall

GACTGTCGACATGACCGCGACTGTTGGGCGATG

R-Tre™-HindIIl

GACTAAGCTTTTAGCATTTTGCTTCAACTTCCCCATTAAT

F-Tre™-Bmtl

GGGCGCTAGCACCGCGACTGTTGGGCGAT

F-Tre™-Xbal

CCCCCICTAGAACTAGTGGATCCATGACCGCGACTGTTGGGCGAT
G

R-Tre"-flag-HindIII

CGATAAGCTTTTACTTGTCATCGTCGTCCTTGTAATCGCATTTTGC
TTCAACTTCCCCATT

F-Tre™-R6A gcgTGGATGGGGCCTGCGGAATA
R-Tre™-R6A CCCAACAGTCGCGGTCATGT
F-Tre™-E12A gcgTATCAGCAAATGCTTGATACTGGGAC
R-Tre™-E12A CGCAGGCCCCATCCATCG

F-Tre™-S25A gcgTCAACAGGGACAACTCATGT
R-Tre™-S25A TTGTACTACTGTCCCAGTAT

F-Tre™-S26A

gcgACAGGGACAACTCATGTTGC

R-Tre™-S26A

ACTTTGTACTACTGTCCCAGTA

F-Tre™-H31A

gcgGTTGCCTACCCTGCTGATAT

R-Tre™-H31A

AGTTGTCCCTGTTGAACTTTGT

F-Tre™-F41A

gcgGGTAAGCAAGCAAAAAATGG

R-Tre™-F41A

AGCATCTATATCAGCAGGGT

F-Tre™-W68A

GCGGCAAAAATAGTAGGGCCAG

R-Tre™-W68A

TCCTTCATTTGTAGGTACTAATG

F-Tre™-R80A

gcgTTAGCTAAACGCAAAGGTTTG

R-Tre™-R80A CCCTTCGATAGAATCTGGCC
F-Tre™-K83A gcgCGCAAAGGTTTGCCTGTTCC
R-Tre™-K83A AGCTAATCGCCCTTCGATAG
F-Tre™-R84A gcgAAAGGTTTGCCTGTTCCTGA
R-Tre™-R84A TTTAGCTAATCGCCCTTCGA
F-Tre™-K85A gcgGGTTTGCCTGTTCCTGAAAT
R-Tre™-K85A GCGTTTAGCTAATCGCCCTT

F-Tre™-R80A-K85A

2cgTTAGCTAAACGCgegGGTTTGCCTGTTCCTGAAAT

R-EF-Tu-D21 AACGTGGCCGATAGTACCAAC

F-EF-Tu-D21A gcgCACGGTAAAACTACTCTGACCG
F-EF-Tu-D21N aacCACGGTAAAACTACTCTGACCG
F-EF-Tu-D21E gaaCACGGTAAAACTACTCTGACCG




5'UTR-GFP GCGAATTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAA
AAAATATGAGTAAAGGAGAAGAACTTTTCAC

3'UTR-GFP-strep AAACCCCTCCGTTTAGAGAGGGGTTATGCTAGTTATTATTTTTCG
AACTGCGGGTGGCTCCATTTGTATAGTTCATCCATGCCA
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